Slab optical waveguide (SOWG) spectroscopy was used to observe the adsorption behavior of three important heme proteins, namely cytochrome c, myoglobin and hemoglobin, in a quartz surface. Using prism-coupled polychromatic visible light propagated into a quartz waveguide by internal total reflection, the real-time monitoring of evanescent wave absorption revealed a strong dependence of the protein-surface interaction on the protein concentration, the solution pH and the ionic strength. For the three proteins studied, the absorbance-bulk concentration ratio was higher at low bulk concentrations, and decreased at higher concentrations. For cytochrome c and myoglobin, the absorbance approached a limiting value, but buffered hemoglobin surprisingly did not show any indication of forming a signal plateau. Moreover, the slow introduction of protein into the solution lessened the total adsorbed amount per unit area. These observations suggested a possible conformational transition of the protein molecules at the quartz surface after adsorption. For a bulkier protein, hemoglobin, adsorption onto the quartz surface was enhanced in the presence of a phosphate buffer, while the opposite effect was observed for the smaller cytochrome c and myoglobin molecules. The results of pH studies concurred with the electrostatic interactions predicted from the isoelectric data of proteins and the quartz surface.
Introduction
UV-visible absorption spectrophotometry is one of the most popular spectroscopic techniques, and is now a routine in most research laboratories around the world because of its versatility, ease of use and simpler hardware requirements. As a result, many analytical methods have been based on this technique utilizing the standard 1-cm quartz absorption cells that are commercially available. From undergraduate instruction to high-level research laboratories, obedience to Beer's law is assumed when analyzing the absorbance-concentration plots that become apparent when the resulting correlation coefficients are close to unity and the intercepts to negligible values. It is common knowledge that due to interactions among the component molecules, the linearity of the absorbanceconcentration data diminishes when the concentration of the analyte becomes relatively large. As a result, the analyst is generally limited to the lower linear part of the calibration curve where no association among molecules exists.
In the analysis of surface-active molecules, such as proteins, a straightforward UV-visible absorption spectrophotometric analysis may result in acquiring complicated data due to the adsorption of protein molecules onto the quartz surface. This effect is dramatically anticipated at lower protein concentrations due to a higher surface area-to-concentration ratio. In cases where the analyst, working from lower concentration to higher concentration and washing with the desired solvent in each sample change, uses the sample cuvette repeatedly, the accumulation of materials on the walls of the quartz surface may affect the accuracy and precision of the gathered data. Moreover, the reversibility of the adsorption process may also yield inconsistent results, depending on the frequency, timing and manner of washing in-between absorbance readings. Thus, even the most carefully performed blank measurements geared towards correcting the adsorption effects may include unaccounted systematic errors.
The study of protein adsorption has been known to possess confusing historical accounts in the literature. The complicated nature of protein molecules and the instrumental limitations in studying surface processes have resulted in a paradoxical interpretation of protein interactions with surfaces, and a fundamental understanding of the process has not yet been fully achieved. 1 Despite the recognized difficulties and challenges, various researchers have taken steps to investigate and gather relevant clues concerning this important area of research. This is mainly due to the foreseen benefits that understanding the kinetics and mechanism of protein adsorption will have essential applications not only in protein analysis, but also on industrial processes, such as the purification and storage of pharmaceutical products, in the biocompatibility of surgical implants, new materials and coatings, in biosensor development as well as in explaining some fundamental biochemical Spectroscopic techniques based on internal total reflection (ITR) in an optical waveguide are one of the most effective methods for investigating molecular-adsorption processes onto surfaces, because they allow in situ measurements without influencing the adsorption process. 2, 3 The reported nomenclature in the literature include slab optical waveguide (SOWG) spectroscopy, 4-17 the integrated optical waveguideattenuated total reflection technique (IOW-ATR) [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] and optical waveguide lightmode spectroscopy (OWLS). 1, [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] These techniques have been successfully used in real-time studies on the adsorption of dye molecules 11, 12, [14] [15] [16] and proteins 4, 8, [18] [19] [20] [21] [22] [23] [24] [25] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] on surfaces such as glass, quartz and indium-tin oxide electrode. 9 Moreover, the technique has also been employed for sensing gases, such as ammonia 13 and formaldehyde. 39 In these techniques, the incident light is propagated by repeated total reflection within the waveguide while the sample on the surface interacts with the evanescent wave at every reflection point. 2, 3 The outcome, i.e., absorption, light scattering or fluorescence, is utilized to provide relevant information about the optical properties of the sample molecules. Since the interacting photons come from the waveguiding surface, one advantage of ITR-based spectroscopy is its ability to interact mostly with the adsorbed molecules and much less with those in the bulk solution. Some of the research groups that are actively involved in studying protein adsorption on surfaces based on ITR are Jeremy Ramsden's group in Basel, Switzerland, 28-37 Scott Saavedra's group in Arizona, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] Paul R. Van Tassel's group in Wayne, USA 38, 40 and some research groups in Japan [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] 39 and elsewhere. 41, 42 In this work we investigated, under various solution conditions, the adsorption behavior of hemoglobin, myoglobin and cytochrome c in a bare quartz surface. The quartz used in this investigation was utilized as a waveguide in SOWG spectroscopy.
Experimental

Chemicals
Horse heart cytochrome c (C-7752, 95%), horse heart myoglobin (M-1882, 90%) and bovine hemoglobin (H-2500) were obtained from Sigma and used as received. When not in use, the proteins were stored under desiccating conditions at 0˚C. All other chemicals were of highest purity and used without further purification. NaOH, HCl, NaH2PO4, Na2HPO4, Na3PO4 and NaCl were obtained from Kanto Chemicals while glycerol was from Tokyo Kasei Kogyo.
Protein solutions were prepared either in pure water or in a phosphate buffer, while ionic strength adjustments were made using NaCl. When not in use, protein solutions were stored in a refrigerator and used only within the same day of preparation.
Quartz surface treatment
Quartz plates (0.1 mm thick) were cleaned by soaking in 0.1 M nitric acid overnight, rinsed extensively with deionized water and then with ethanol, blown dried with nitrogen gas and oven dried for 1 h at 80˚C. Before each experiment, the quartz surface to be used was equilibrated for at least 10 min with the same buffer solution as that used in preparing the protein solution to be studied.
Sample introduction
The sample was introduced through a 1.5 × 1-cm rectangular hole made of silicone rubber sheet mounted on top of the quartz surface. Two approaches were used to introduce the sample into the cell: (a) the direct addition of a prepared protein solution in pure water or a buffer; and (b) the addition of a protein solution into an unstirred water or buffer already contained in the cell (spiking).
Spectroscopic measurements
SOWG spectroscopic experiments were performed using a system fabricated in our laboratory described previously. 4, [8] [9] [10] [11] [12] An Xe150W Lamp Unit (SIC, Japan) was used as the light source. A cell composed of a quartz plate was mounted on a flat silicone rubber sheet with a hollow center, as in Fig. 1 . This arrangement permits SOWG experiments to be conducted in an air substrate and a liquid superstrate. A pair of 45-45-90˚ LaSF-08 (nD = 1.8785) prisms were used to couple and outcouple the incident white light onto the waveguide using glycerol as a coupling liquid. The intensity of outcoupled light was detected using a SOMA Fastevert S-2400 charge-coupled device (CCD) detector. Light transmission data were collected and analyzed using Microcal Origin software. Normal-incidence UV-visible absorption measurements using 1-cm quartz cells (Nippon Silica Glass Co., Ltd., Japan) were performed using a Shimadzu Model UV-2100PC (Japan).
Results and Discussion
The proteins under study
The proteins (cytochrome c, myoglobin and hemoglobin) were chosen for this investigation to represent three different heme proteins with a common absorption band at around 400 nm.
In summary, the following statements give short descriptions of each protein. Cytochrome c is a small protein (12384 g mol -1 ) consisting of a single polypeptide chain of 104 amino acid residues arranged in a globular tertiary structure. The molecule contains a single heme group embedded within the hydrophobic interior of the protein, except for a solventexposed heme edge. Myoglobin (16951 g mol -1 ) is a singlechain heme protein slightly bigger than cytochrome c and containing 153 amino acids. The globin folds into eight major α helical segments that serve to stabilize the conformation of the iron heme, burying it away from the protein surface exposed to the solvent. Hemoglobin is the largest of the proteins studied, having a molecular weight of 62186 g mol -1 consisting of four polypeptide chains (two α and two β) and four heme groups in a tetrahedral arrangement. Each heme in the molecule is located in a cleft that is lined with hydrophobic amino acid side chains. 43 Normal incidence absorption spectroscopy Dilute solutions (0.1 µM -1.0 µM) of protein samples were prepared in pure water and phosphate buffer of pH 7.0, and the absorbances were recorded in the normal-incidence mode using separate quartz cells for each measurement. After the initial readings, the samples were allowed to incubate at room temperature for 1 h inside the same quartz cells where the first readings were made. The cells were covered throughout the span of the experiment to prevent solvent losses due to evaporation. After incubation, each sample was carefully transferred to a clean quartz cell, and the absorbance was measured again. From a logical viewpoint, any decline in the signal could be attributed to the adsorption of protein molecules on the walls of the quartz cell. A typical absorbance change before and after protein adsorption is shown in Fig. 2 . With the assumptions that Beer's law is obeyed and that the adsorption at the air-solution interface is negligible, the concentration loss can be converted to surface coverage using
where cAds is calculated concentration loss due to adsorption, V is total volume of protein solution, and S is total surface area available for adsorption. The concentration loss (cAds) was calculated from the absorbance change via a Beer's law plot of the fresh solutions. Table 1 gives a summary of the results. In most cases, the absorbance reading dropped off, indicating some degree of depletion of protein molecules in the bulk of solution, presumably due to adsorption. Among the three proteins studied, the highest surface coverage in terms of moles per unit area (assuming that the losses were mainly due to adsorption onto quartz) was observed for cytochrome c dissolved in water. However, owing to the bigger size of myoglobin molecules, its cAdsV ---S solutions exhibited greater adsorption in terms of monolayer coverage. For 0.5 µM protein solutions in a buffer for instance, cytochrome c yielded a 24% monolayer coverage, while myoglobin gave 125% coverage (based on 22 pmol cm -2 monolayer coverage for cytochrome c and 15 pmol cm -2 for myoglobin). 27 In water, the surface coverage for the same concentrations were 65% and 73% for cytochrome c and myoglobin, respectively. Another notable trend in the results was the dependence of the absorbance loss on the bulk concentration. In general, the loss was greater at higher bulk concentrations than at lower bulk concentrations. When extended to higher concentrations, it had been anticipated that the absorbance loss, and hence the surface coverage, would attain a certain steady state or plateau. In light of this anticipation, more concentrated solutions were prepared to possibly observe this limiting value, but because the absorbance losses at concentrations higher than 2 µM were negligibly small, the obtained results suffered from extremely poor precision. Although the adsorption isotherms (plots of Γ vs. protein bulk concentration) were not successfully built using the available data, the results obtained for dilute solutions pointed to very strong evidence that the protein molecules adsorb on the walls of the quartz cell resulting in significant changes in the absorbance signal due to this process. This phenomenon was therefore investigated in subsequent experiments using the SOWG platform to obtain some information on the pattern of protein adsorption under various conditions.
SOWG absorption spectroscopy
Heme proteins have been frequently employed as models for studying the structure and function in immobilized protein films.
The protocol employed in SOWG spectroscopy permitted real-time measurements of absorbance without any influence on the adsorption of proteins onto the quartz surface. In addition, the use of polychromatic light source allowed a broad range of wavelengths that could undergo total internal reflection in the waveguide layer to be absorbed by the molecules. Consequently, the obtained results contain more information than just absorbance data. The Soret band at the region around 400 nm can be easily located and measured, which represents the relative concentration of proteins on the surface. In addition to intensity, the shape and position of the absorption bands in this region also give relevant information about ligand binding, the oxidation state of the central metal ion as well as the protein conformation. of the absorption maxima provide the idea whether a protein sample contains either or both of the reduced and oxidized forms of a particular protein. Figure 3 shows the typical absorbance spectra for cytochrome c obtained at a constant time interval in a SOWG platform. A plot of the absorbance peaks against time always shows a rapid increase right after sample introduction into the cell, and then reaches a steady state at longer times. A non-linear curve-fitting analysis of these plots consistently showed a square hyperbolic pattern for all three proteins studied, and yielded extremely low chi-square values (the values are not reported in this paper).
The influence of the protein concentration and solution chemistry on the adsorption
The adsorption isotherm relates the measured adsorbed amount of protein per unit area to the bulk concentration. Typically, the slope of the curve is high at a lower bulk concentration, and levels off at higher concentrations, approaching a limiting value. The existence of this signal plateau has been interpreted as a sign that the adsorbing surface has attained its saturation point; that is, any further increase in the solution protein concentration normally does not affect this value. The amount of adsorbed protein at the plateau of the adsorption isotherm is often close to the amount that can fit into a closed-packed monolayer; hence, the notion of saturating monolayer coverage is often applied to protein adsorption. 46 Due to the intrinsic nature of the SOWG techniques to interact predominantly with the molecules closest to the surface and the large size of protein molecules, a plot of the absorbance versus the protein concentration gives a good approximation of the adsorption isotherm. However, due to the exponential nature of the penetration of the evanescent wave, this assumption becomes invalid as the molecules become smaller in size. Through using polarized light in conventionally called TM (transverse magnetic) and TE (transverse electric) modes, and carefully measuring the incident angle, some researchers were able to quantify the adsorbed amount of protein on the waveguide. 30, 38 This approach is particularly applicable to systems using a laser line source in the visible region.
In Fig. 4 , plots of the absorbance versus the protein concentrations are given for both plain water and phosphate buffered solutions. In all cases, the absorbance increases with the increasing concentration with profiles similar to typical adsorption isotherms. For both cytochrome c and myoglobin, the absence of a buffer enhances the degree of protein adsorption onto quartz, as indicated by the higher position of the curves. Moreover, both the buffer and the water solutions of cytochrome c and myoglobin reached some certain plateaus. Conversely, the absorbances observed for hemoglobin dissolved in buffer are always higher compared to corresponding solutions in pure water. Upon a detailed examination of Fig. 4(c) , two regions can be identified in the curve for hemoglobin dissolved in a buffer (open squares). The first region is within the lowconcentration area (less than 10 µM) where the behavior is similar to other proteins studied and the other region is at a high-concentration regime (greater than 10 µM) where the observed absorbance becomes directly proportional to the bulk concentration. It appeared that the presence of a buffer significantly boosted the adsorption of hemoglobin at high concentrations.
This distinctive behavior of hemoglobin adsorption on a quartz surface compared with those of cytochrome c and myoglobin may be attributed to long-ranged electrostatic interactions brought about by the bigger hemoglobin molecule holding four heme groups and a more varied range of amino acid residues.
Area occupied by protein molecules
The results shown in Fig. 5 demonstrate that the area occupied by the protein molecules may be dependent on how the sample was introduced into the cell. For both cytochrome c and myoglobin, the introduction of the same total amount of protein into the cell gave different absorbance values when the protein was slowly introduced and when directly added into the cell. For example, at a total concentration of 500 µM when the protein was introduced slowly, the response was only less than half as much as when the protein molecules were introduced all at the same time. This observation suggested some structural transition after the adsorption of cytochrome c and myoglobin molecules, leading to bulkier structures that prohibit more molecules to approach the surface and become adsorbed. One possibility is a conformational transition from α to β states, where the alpha form occupies less space, while the beta form occupies greater space. Similar results were reported by other investigators using the same or different proteins. 38, 44, 45 Van Tassel proposed a theoretical model for this phenomenon. 38 For hemoglobin, the absorbance did not seem to change whether the protein molecules were introduced slowly via spiking or through direct addition into the cell. This implied that the area occupied by the hemoglobin molecule did not change within the time domain of the experiments and under the maintained experimental conditions. Contrary to the behavior of myoglobin and cytochrome c, hemoglobin did not appear to undergo any postadsorption transition that affected its shape, thereby not prohibiting additional molecules to be adsorbed on the surface.
Electrostatics of protein adsorption
Increasing the ionic strength enhanced the adsorption for hemoglobin, but impeded those of myoglobin and cytochrome c.
The presence of other charged species substantially influenced the adsorption behavior of these proteins. Figure 6 shows the absorbance data of a protein solution using different ionic strengths. Apparently, the existence of ionic species in solution allowed a great deal of competition in electrostatic interactions among charged species, particularly in cytochrome c and myoglobin solutions. Instead of the positively charged protein molecules being adsorbed on the negatively charged quartz surface, the more mobile and abundant anions in solution interacted with the lattice sites, while keeping most protein molecules away from the layer exposed to the evanescent field. In addition, the combined effects of the size of the protein molecules, the osmotic pressure of the counter ions as well as the solvation, burying and exposure of charged groups may have contributed to the contrasting effects in hemoglobin solutions.
Consistent with what one would expect, the absorbance data for the three proteins reflected the electrostatic interactions between the protein molecules and the quartz surface dictated by the solution pH (Fig. 7) . For the species involved, the reported isoelectric points (Ip) were: 10.0 for cytochrome c; 7.0 for myoglobin; 6.8 for hemoglobin; and 2.0 for quartz. 23 Upon an examination of these isoelectric data, one can predict the surface charge of quartz or protein upon exposure to a buffer solution of a certain pH value. At pH 6.0, for example, quartz would be negatively charged, while all three proteins would be positively charged. This was the reason why electrostatic interactions predominated at the pH values where the quartz surface and the protein molecules were oppositely charged. At pH values above the isoelectric point, the protein molecule assumes a negatively charged surface, and hence repels with a quartz surface that is also negatively charged at that pH. To promote adsorption at this pH, the only possibility is for the hydrophobic interactions to dominate in the process. 
Conclusions
SOWG provided a convenient platform to probe protein adsorption on a quartz surface, which is very difficult to carry out in conventional normal-incidence absorption spectroscopy. The results presented here illustrate three points: (i) proteins adsorb on a quartz surface; (ii) the degree of adsorption is dependent on the concentration and the solution composition, including the ionic strength and the pH; and (iii) the manner in which the protein is introduced into the surface also affects the degree of adsorption. Using the SOWG technique, some evidence of a postadsorption transition was observed for the proteins. It is therefore recommended that extreme care must be exercised in handling protein solutions for any analytical work. Since protein adsorption is inevitable, and may become complicated due to many factors, it is not only careful experimentation that must be observed, but also proper understanding of the adsorption phenomena.
